EPORT DOCUMENTATION PAGE

11. TITLE (Include Security Classification)

< 4
— b, RESTRICTIVE MARKINGS il les I
AD-A209 529 T
o 3. DISTRIBUTION/ AVAILABIUTY OF REPORT
o Unlimited
| BT oewamnomoowucmma SCHEDULE
2. PERFORMING ORGANIZATION REPORT NUMBER(S) §. MONITORING ORGANIZATION REPORT NUMBER(S)
interim 27
4
63 NAME OF PERFORMING ORGANIZATION 6b. ({),;FlCE p:va:‘aft 7a. NAME OF MONITORING ORGANIZATION
" applicable, ]
Department of Chemistry Office of Naval Research
6c. ADDRESS (Gity, State, and 2iP Code) 7b. ADDRESS (City, State, and ZIP Code)
Massachusetts Institute of Technology Chemistry Division
77 Mass. Avenue, Bldg. 6-335 800 N. Quincy Street
Cambridge, MA 02139 Arlington, VA 22217
Ba. NAME OF FUNDING/SPONSORING 8b. OFFICE SYMBOL | 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (if applicable)
0ffice of Naval Research NO0O014-84-K-0553
8. ADDRESS (City, State, and ZIP Code) 10. SOURCE OF FUNDING NUMBERS
Chemistry division PROGRAM PROJECT TASK WORK UNIT
800 N. Qu\ncy Street ELEMENT NO. NO. NO. ACCESSION NO.
Arlington, VA 22217 051-579

Microfabrication of w03-Based Microelectrochemical Devices

12. PERSONAL AUTHORG) Martin 0. Schlioh, Nicholas

Leventis and Mark S. Wrighton

13a. TYPE OF REPORT
technical interim

13b. TIME COVERED

16. SUPPLEMENTARY NOTATION

FROM ¢ 1100 TO 6/12/89 Jupe 12

14. DATE OF REPORT (Year, Month, Day) [15. PAGE COUNT

. 1989 21

Prepared for publication in Applied Physics Letters.

7. COSATI CODES 18. SUBIECT TERMS

FIELD GROUP SUB-GROUP

arrays

(Continue on reverse if necessary and identify by block number)

Photolithography., tungsten oxide, modified microelectrode

19. ABSTRACT (Continue on reverse if necessary and identify by block number)

See Attached Sheet

M
DTIC
ELECTE ER
JuN2 71983 f

E

20, OISTRIBUTION/AVAILABIUITY OF ABSTRACT
CluncuassireouNuMITeo T saMe AS ReT.

CJ oric UsERS

21. ABSTRACT_SECURITY CLASSIFICATION
Unlimited

“NAMIE OF RESPQNSIBLE INDIVIDUAL 226 TELEPHONE (include Area Code) | 22¢. OFFICE SYMBOL

2. NAJE OF BESPO R GHEOn 617-253-1507 '

DD FORM 1473, 84 MAR 83 APR edition may be used until exhausted. - SECURITY CLASSIFICATION OF THIS PAGE
~ All other editions are obsolete.

39

& 27 0413 °




Office of Naval Research
Contract NOO0O14-84-K-~0553

Task No. 051-597
Technical Report #29

Microfabrication of WO3-Based Microelectrochemical Devices
by
Martin O. Schloh, Nicholas Leventis, and Mark S. Wrighton
Prepared for Publication
in

Applied Physics Letters

Massachusetts Institute of Technology
Department of Chemistry
Cambridge, MA 021339

June 12, 1989

Reproduction in whole or in part is permitted for
any purpose of the United States Government

This document has been approved for public release
and sale; its distribution is unlimited




[Prepared for Publication as a Letter in Applied Physics

Letters]

Microfabrication of WO3~Based Microelectrochemical Devicas

Martin O. Schloh, Nicholas Leventis, and Mark S. Wrighton*

Department of Chemistry
Massachusetts Institute of Technology

Cambridge, Massachusetts 02139

* Address all correspondence to this author.




e

Abstract et AT
_ . i J -

N e e

new photollthographlc process for the patterning of

(?3§§is reported. A layer of RF sputtered polycrystalline
Wog\can be patterned by a combination of photolithographic
and dry etching processes to serectlvely cover a fraction of
elght Fh mlcroelectrodes each ~50¢ um long, 2 pm wide, and
0.3 pm thick and spaced 1. Zum apart. The modified
microelectrode arrays were characterized by
electrochemistry, by surface profilometry, and by scanning
electron microscopy. A pair of microelectrodes connected by
WOS’comprises a microelectrochemical transistor with
pH-dependent electrical characteristics based on the pH and
potential dependent conductivity of WSJ associated with the
reversible electrochemlcal reaction

‘ka"r"'t
wo3 + nH* + neT (&> HRWo3.
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We wish to report a new microfabrication process for
the selective modification of microelectrode arrays with a
polycrystalline Wo3 film. Microelectrode arrays consisting
of eight closely-spaced (~1.2 um apart) Pt microelectrodes
(~50 um long, 2 um wide, and 0.3 um thick) have been
fabricated and used in our laboratory for the study of redcx
active polymersl'2 and inorganic materials.2"3 A pair of
microelectrodes connected by a redox active material can be
used as a chemically sensitive transistor, because the
conductivity of the redox active material depends on its
state of charge.6 For example, the WO3-based device
illustrated in Scheme I3 is a pH-sensitive transistor by
virtue of a pH dependence of the potentialbat which
reduction occurs3 to give conducting Hnwo3,7‘1° equation

(1) . The WO3-based transistor shows variations in Ip-Vg

WOo3 + nHY + ne” » HLaWO3 (1)
characteristics depending on pH and, therefore, can be used
to detect pH changes at fixed VG.3

Microfabrication technologyllf12 is a possible route to
preparation of large numbers of WOj-based devices showing
the same electrical characteristics. In this article we
report a process for high resolution (~ium) patterning of
WO3 that yields selective modification of a microelectrode
array. The results show that reproducible

microelectrochemical response can be obtained and that

]




Potentiostat
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Scheme . A WOj-based transistor that turns on (Ip>0) when Vg is moved
from VG1 where WOq is oxidized and insulating to VG2 where
WO, is reduced and conducting. The WO4-based device can also
be turned on and off by varying the pH at fixed V.




non-modified microelectrodes can be left available for
further functionalization. In addition to applications for
microelectrochemical sensors the process may be applicable
to high resolution electrochromic devices based on WO3.7
The patent literature contains various techniques for
patterning WO3 including deposition through masksl3 and
etching by dissolution of WO3 in alkaline solutions.l4 Such
techniques, though, seem to be limited to linewidths of
several millimeters. Other techniques involve polymer
coordinated tungsten compounds ashed to the oxide by
pyrolysis. This procedure is claimed to achieve ~5 um
resolution, but the gquality of the W03 is not mentioned.ld
Our method of WO3 patterning involves using photoresist to
protect WO3 and etching of unwanted WO3. The etching
process via an SFg plasma was deemed attractive, because
likely W/O/F compounds, namely WFg and WOF4, which might be
formed by reaction of WO3 with F- atoms generated in the SFg
plasma, are volatile.l6 Importantly, the SFg plasma does
not as rapidly etch organicsll'12 so that areas of WOj3
protected by photoresist will survive the etching process.
Scheme II summarizes the process that has been
developed for selective modification of a Pt microelectrode
array with WO3. The process for preparation of the Pt
microelectrode array has been reported previously,l'6 and
such arrays consist of eight, individually addressable Pt
microelectrodes each ~50 um long x ~2 um wide x ~0.3 um

thick and separated from each other by ~1.2 um. Before
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.
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Scheme II. Process for selective modification of
a Microelectrode Array with WO3.




WO3-deposition Si wafers carrying Pt microelectrode arrays
were cleaned in an O, plasma using a Harrick Plasma Cleaner.
Using a procéss previously described, 3 the entire wafer was
coated with a ~0.3 um conformal coating of WO3.

The WO3-coated samples were dried at 200 °C for 30 min
(dehydration bake). Positive photoresist KTI 1370SF was
syringed onto the wafers which were then spun at 3000 rpm
for 30 seconds. After a 25 min soft bake at 90 ©C the
wafers were exposed through a mask with ~8 mW/cm2 intensity
at 320 nm for 45 seconds using a Karl Suss High Resolution
Aligner. The mask used was designed to allow exposure of
all photoresist except that covering the desired pattern of
W03, Scheme II. The photoresist was developed for 60
seconds in a 1:1 mixture of KTI 312 positive photoresist
developer and deionized H;0, followed by extensive rinse
with deionized H50 and air-blow drying. The photoresist
protecting desired WO3 was hard-baked at 135 OC for 25 min.
The unprotected WO3 was completely etched away in an SFg
plasma at 200 W forward power for approximately 4 min.
Finally the protective photoresist layer on top of WO3 was
removed in an O, plasma at 300 W forward power for 6 min.
The O, plasma does not attack WOj.

Figure 1 shows the photomask layout for patterning WOs3
in the fabrication ¢of one microelectrode array. Surface
profiling indicates that a ~0.3 um thick layer of material
conformally coats three electrodes of the microelectrode

array, and SEM pictures demonstrate that material,




presumably WO3, has been deposited where we originally
intended to confine it. Prcof for the composition of this
material is deduced from the Auger electron spectroscopy and
the electrochemical response of the WO3 in aqueous solution.
Additionally, Auger shows that WO3 is completely removed by
the SFg plasma from areas not protected by photoresist.

Microfabricated WO3-based devices have been
characterized by cyclic voltammetry in various buffered
aqueous solutions, Figure 2. The position and the shape of
the reduction wave of WO3, as expected from equation (1),
depend on the availability of the intercalating species,3
i.e. HY. The onset of reduction shifts to more negative
potentials as the proton concentration decreases.

The fact that all the microelectrodes that appear
connected with WO3 in the SEM picture give identical
response, when driven individually or when driven together,
confirms that these microelectrodes are connected with WOj3
in the electrical sense.l 6 Microelectrodes 1 through 5,
which are supposed to be clean of WO3 shcw no
electrochemical response characteristic of WO3, consistent
with the absence of WO3 from Auger electron spectroscopy.
The cyclic voltammetry results are the same as previously
reported from non-patterned W03 deposited in the manner used
here.3

Taking the voltage between WO3 and the reference
electrode (SCE) as the gate voltage, Vg, the WO3 itself can,

in analogy to a Si MOSFET, be thought of as the channel.®




Applying a small drain voltage, Vp = 25 mV, between two
adjacent microelectrodes connected with WO3, Scheme I, we
obsevve, Figure 3, an increasing drain current, Ip, as WO3
1s progressively driven to a more negative potential.
Figure 3 also shows the effect of [(H'] on the threshold
voltage of Ip in various agueous solutions. The WO3-based
devices described here are pH sensitive in the sense that a
change in the pH alters the drain current at a given Vg, as
previously reported.3 Finally, the electrochemical and
electronic response of the WO3-based devices confirm that
the photolithographically processed W03 retains the
essential properties of the material.

In summary, we have demonstrated a photolithographic/
dry etching process for patterning WO3 in a dimensional
regime routinely employed in VLSI technology. Using this
process we are able to confine WO3 over a defined fraction
of electrodes of a microelectrode array to produce a
pH-sensitive microelectrochemical transistor.
Significantly, the new process allows the rapid preparation
of a large number of microelectrochemical devices having the
same electrical characteristics. Moreover, the process
leaves a fraction of microelectrodes of the array available
to achieve a low level of integration of
microelectrochemical devices by further functionalization of
the array.

We thank the Office c¢f Naval Research and the Defense
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Figure Captions

Figure 1. Cdmparison of the photomask used for the WOj3
confinement and the actual devices, as characterized by
surface profilometry and SEM. (A) Photomask layout for the
patterning of WO3 over three electrodes of an eight
microelectrode array; (B) Surface profile; the stylus
begins on the Si3N4 encapsulation layer (1), moves to the Pt
protective barrier (2), and to the individual
microelectrodes (3) three of which are coated conformally
with ~0.3 pum of WO3; (C) SEM of one chip produced by the

process shown in Scheme II.

Figure 2. Cyclic voltammograms of patterned WO3 on
electrodes #6, 7, and 8 (cf. Figure 1) in aqueous 1.0 M
HCl04 as a function of sweep rate. The fact that #6, 7, or
8 give the same response and the same response as #6-8
driven together shows that all of the WO3 is accessible by
addressing any one of the three WO3-coated and connected
electrodes. Microelectrodes #1-5 show no detectable WOj3 at

500 mV/s.

Figure 3. Ip-Vg characteristics of a WO3-based transistor
(cf. Figure 1 and Scheme I) in several aqueous electrolytes

showing that the threshold value of Vg shifts with pH;




pH =0 (0.5 M HpSO4 and 1.0 M HC1O4) and pH =7 (phosphate

buffer and 0.1 M NaClOyq).
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